Abstract: This paper is based on the theoretical analysis designs of a dry cutting orthogonal test in order to study a phenomenon that the radial force is larger than the main cutting force when a PCBN (polycrystalline cubic boron nitride) tool hard turns GCr15. Finite element modelling and cutting tests show the cutting depth and the spindle speed having an impact on the main cutting force, the radial force, and the axial force. In this study, due to the shear function of the cutting process, the squeezing effect between the tool and the workpiece, and the metal softening effect of the workpiece material, the different cutting depth and the spindle speed bring about different cutting force changes, and also different spindle speeds have different effects on the three components of the total cutting force. The research result provides a basis for further study on dry turning of hardened bearing steel.
Introduction
With the advent of high hardness and difficultly-machined materials, the demand for cutting tools becomes higher and higher. PCBN (polycrystalline cubic boron nitride) tools are widely used in hard turning because of excellent cutting performance. Hard turning has developed for more than 20 years, there are many approaches to study hard turning. Many scholars have conducted a great deal of analysis and discussions on the research of hard turning. Xia et al. found the cutting force first increased obviously with the increase of the chamfered width, then decreased obviously, and finally increased slowly; they concluded the chamfered width had the most significant influence on the radial force [1] . Wu et al. found the cutting force showed nonlinear changes with the PCBN tools' negative chamfer changing, and it was recommended to use a 15 degree negative chamfer in actual production so that the cutting force could be reduced properly [2] . Gao and An found the cutting depth had the greatest influence on the cutting force when a CBN tool cut Cr12MoV [3] . Pereira et al. used of combined technique based on cryogenic cooling and a minimum quantity of lubrication, which was proposed and compared with other near-to-dry coolant alternatives [4] . Additionally, Pereira et al. who proposed the cryoMQL technology, developed a CO 2 cryogenic regulation system and a nozzle adaptor while milling Inconel 718 [5] . Lamikiz et al. presented a method for obtaining the shear and ploughing specific cutting coefficients for a ball-end milling cutting force model, which was applied to 7075-T6 aluminum alloy and 52HRC AISI H13 tool steel [6] . Fernández-Abia et al. presented a mechanistic model for cutting force prediction, and this model was developed for machining with nose radius tools considering the effect of the edge force due to the rounded cutting edge. They concluded that shearing and edge cutting coefficients were valid for a wide range of cutting conditions [7] .
The hardened bearing steel GCr15, as a difficultly-processed material, has a hardness of 56HRC to 66HRC after quenching and tempering treatment, and whose Rockwell hardness decreases with the
The Test for Cutting Force

The Test of Equipment
The test using PCBN tools to cut GCr15 is carried out on a CNC lathe. The cutting force measurement system used in this cutting test consisted of the KISTLER 2825 A-02 type high-sensitivity piezoelectric three-direction dynamometer which is made in Switzerland, the 5070Ax01xx type four-channel charge amplifier, the DynoWare System data acquisition software, an A/D conversion card, the host, and the display system. The main measuring principle is the preliminary measurement in the cutting process through the three-direction accelerometer mounted on the tool carrier. The generated signals were measured by the charge amplifier, data acquisition card, and data acquisition and processing software, using various graphical display functions of the system to measure the cutting force. Finally, the measurement data were analyzed and studied. The hardness of GCr15 is detected by an HR-150A Rockwell hardness tester.
Workpieces and PCBN Tools
The workpiece material is GCr15 bearing steel and its diameter is 48 mm. After quenching and heat treatment, the hardness is 58 ± 2 HRC after being tested by the Rockwell hardness tester.
The tool used for the test is a WNGA080408 PCBN tool. As shown in Figure 1 , the practical working parameters of the tool are shown in Table 1 .
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The Test Programme
The test is carried out to study the effects on the main cutting force Fz, the axial force Fx and the radial force Fy under the different cutting depths and the varied spindle speed (the cutting speed). Additionally, the analysis that the radial force Fy is greater than the main cutting force Fz is significant.
Programme 1: the feed has been already set to f = 0.1 mm/r, setting the spindle speed to n = 500 r/min, and setting the back cutting depth ap to 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm , which analyzes and researches the phenomenon that the radial force Fy is greater than the main cutting force Fz;
Programme 2: On the basis of Programme 1, the spindle speed is set to n = 220 r/min, n = 355 r/min, and the back cutting depth is set ap = 0.3 mm, 0.4 mm, 0.5 mm ; there is a further study of Programme 1 and analysis of the influence of different spindle speeds (the cutting speed) on each cutting force.
Element Model and Analysis
Material Constitutive Model
The Johnson-Cook constitutive model is a constitutive model related to the strain rate, which describes the behavior of the thermal viscoplastic deformation of the material at a high strain rate, and mainly takes into account the strain rate effect of the flow stress. The Johnson-Cook constitutive model shows that the material is changed into strain hardening, strain rate hardening, and thermal softening effects at a high strain rate. It is widely used in the field of mechanical cutting. 
The Test Programme
The test is carried out to study the effects on the main cutting force F z , the axial force F x and the radial force F y under the different cutting depths and the varied spindle speed (the cutting speed). Additionally, the analysis that the radial force F y is greater than the main cutting force F z is significant. Programme 1: the feed has been already set to f = 0.1 mm/r, setting the spindle speed to n = 500 r/min, and setting the back cutting depth a p to 0.1 mm, 0.2 mm, 0.3 mm, 0.4 mm, 0.5 mm , which analyzes and researches the phenomenon that the radial force F y is greater than the main cutting force F z ;
Programme 2: On the basis of Programme 1, the spindle speed is set to n = 220 r/min, n = 355 r/min, and the back cutting depth is set a p = 0.3 mm, 0.4 mm, 0.5 mm ; there is a further study of Programme 1 and analysis of the influence of different spindle speeds (the cutting speed) on each cutting force.
Element Model and Analysis
Material Constitutive Model
The Johnson-Cook constitutive model is a constitutive model related to the strain rate, which describes the behavior of the thermal viscoplastic deformation of the material at a high strain rate, and mainly takes into account the strain rate effect of the flow stress. The Johnson-Cook constitutive model shows that the material is changed into strain hardening, strain rate hardening, and thermal softening effects at a high strain rate. It is widely used in the field of mechanical cutting. The empirical formula of the Johnson-Cook constitutive model is:
where A, B, c, n, and m are material parameters. σ is the flow stress of material, ε is the equivalent plastic strain, . ε p is the equivalent plastic strain rate, . ε 0 is the strain rate reference value, T is the deformation temperature, T 0 is the room temperature, and T m is the melting point temperature of material. Table 2 shows the Johnson-Cook constitutive model parameter of GCr15, Table 3 shows the GCr15 mechanical and physical properties, and Table 4 shows the mechanical and physical properties of the PCBN tool. 
Finite Element Model
As shown in Figure 2 , a finite element model for the cutting tool and workpiece is presented. Adaptive grid partition is used for the tool and workpiece. Firstly, the cutting edge is the main cutting part. Therefore, the mesh density is very intensive, which helps to study the cutting condition of the cutting tool. In the cutting surface of the workpiece, its mesh is also denser, and the rest of the mesh is relatively sparse.
where A, B, c, n, and m are material parameters.  is the flow stress of material,  is the equivalent plastic strain, p  is the equivalent plastic strain rate, 0  is the strain rate reference value, T is the deformation temperature, T0 is the room temperature, and Tm is the melting point temperature of material. Table 2 shows the Johnson-Cook constitutive model parameter of GCr15, Table 3 shows the GCr15 mechanical and physical properties, and Table 4 shows the mechanical and physical properties of the PCBN tool. 
As shown in Figure 2 , a finite element model for the cutting tool and workpiece is presented. Adaptive grid partition is used for the tool and workpiece. Firstly, the cutting edge is the main cutting part. Therefore, the mesh density is very intensive, which helps to study the cutting condition of the cutting tool. In the cutting surface of the workpiece, its mesh is also denser, and the rest of the mesh is relatively sparse. Figure 3 shows the distribution of the main cutting force, radial force, and axial force in the finite element simulation under different cutting depths. As shown in Figure 3a , the radial force F y Machines 2018, 6, 28 5 of 9 is larger than the main cutting force F z and the axial force F x under lower cutting depths. However, when the cutting depth becomes larger, for example, increasing to 0.5 mm, the main cutting force F z becomes larger than the radial force F y . This phenomenon in the simulation is the same as the above literature [15] [16] [17] [18] .
Finite Element Analysis
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Analysis of Cutting Test's Results
According to the cutting force obtained from the simulation, the PCBN tool turning GCr15 test is carried out, which is based on the design test Programmes 1 and 2. Additionally, analysis is made from the theory of the metal softening effect and shear effect. Figure 4 is a sketch of the cutting tool and the workpiece. In the actual cutting process, a KISTLER dynamometer is used to collect the data. Figure 5 depicts that the spindle speed is unchangeable, which shows the influence of the different back cutting depth for each cutting force. Figure 5 shows the changes of the main cutting force Fz, the axial force Fx, and the radial force Fy under the different cutting depth conditions. There is a further analysis of the data: when the back cutting depth ap = 0.1 mm~ 0.3 mm, the radial force Fy is much larger than the main cutting force Fz and the axial force Fx. When the cutting depth is ap = 0.4 mm, there is a trend of reclosing between the radial force Fy and the main cutting force Fz. As he cutting depth increases, the main cutting force Fz gradually grows larger than the radial force Fy, which is the same as the simulation and the previous literature [15] [16] [17] [18] . When the cutting depth ap is smaller, the contact length of the cutting edge and the radial direction become smaller in the tangential direction of the cutting edge, the surface of the workpiece will form a scratch, and the cutting edges obtuse radius in the radial direction causes a more serious extrusion on the machined surface. The extrusion effect becomes the main factor causing the change of the cutting force, which triggers the radial impact force to be too large. It can be seen from that the 
Analysis of Programme 1
Analysis of Cutting Test's Results
According to the cutting force obtained from the simulation, the PCBN tool turning GCr15 test is carried out, which is based on the design test Programmes 1 and 2. Additionally, analysis is made from the theory of the metal softening effect and shear effect. Figure 4 is a sketch of the cutting tool and the workpiece. In the actual cutting process, a KISTLER dynamometer is used to collect the data. Figure 5 depicts that the spindle speed is unchangeable, which shows the influence of the different back cutting depth for each cutting force. Figure 5 shows the changes of the main cutting force F z , the axial force F x , and the radial force F y under the different cutting depth conditions. There is a further analysis of the data: when the back cutting depth a p = 0.1 mm~0.3 mm, the radial force F y is much larger than the main cutting force F z and the axial force F x . When the cutting depth is a p = 0.4 mm, there is a trend of reclosing between the radial force F y and the main cutting force F z . As he cutting depth increases, the main cutting force F z gradually grows larger than the radial force F y , which is the same as the simulation and the previous literature [15] [16] [17] [18] . When the cutting depth a p is smaller, the contact length of the cutting edge and the radial direction become smaller in the tangential direction of the cutting edge, the surface of the workpiece will form a scratch, and the cutting edges obtuse radius in the radial direction causes a more serious extrusion on the machined surface. The extrusion effect becomes the main factor causing the change of the cutting force, which triggers the radial impact force to be too large. It can be seen from that the comprehensive effect of plow and extrusion has a great influence on the radial force, causing a large radial force F y .
Analysis of Programme 1
According to Figures 4 and 5 , further analysis shows that in the cutting process, due to the cutting depth a p being small, the shear effect becomes weakened, the shear angle ϕ becomes large, and the influence of the tool tip impact on the main cutting force weakens, which leads to the main cutting force F y becoming smaller, while the extrusion effect between the tool and the workpiece is greater than that of the shearing, which leads to the radial force F y becoming larger and greater than the main cutting force F z . However, with the increase of the cutting depth, the strengthening shear causes the main cutting force F z to be larger, and the effect of extrusion weakens the radial force F y , so the main cutting force F z is greater than the radial force F y .
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Analysis of Programme 2
Based on Programme 1, the test is repeatedly carried to study the influence that the varied spindle speed (the cutting speed) has an impact on each cutting force under the fixed feed and the invariable cutting depth. The spindle speed is set to n = 220 r/min, n = 355 r/min, and the cutting depth is set ap = 0.3 mm ~ 0.5mm. Figure 5 is the curve of each cutting force in the range of the spindle speed n = 220 r/min ~ 500 r/min, when the cutting depth is ap = 0.3 mm. It can be seen from Figure 7 that the axial force Fx and the radial force Fy are both increasing, firstly, and then reducing, yet the main cutting force Fz tends to dwindle. The spindle speed has a greater influence on the axial force and radial force than the main cutting force.
When the cutting depth is ap = 0.4 mm, 0.5 mm, and the spindle speed is n = 220 r/min ~ 500 r/min, all of the results present that the cutting force decreases. This is because the increase of the spindle speed directly affects the increase of the cutting speed, which leads to the increase of the cutting temperature. At a higher temperature, the metal softening effect will occur on the surface material of the GCr15workpiece, in which the hardness of the workpiece in the high-temperature area is reduced, and the yield strength of the material decreases. The high temperature can decrease the coefficient of friction and the deformation of the workpiece. When the coefficient decreases, the shear angle is larger, and the plastic deformation degree of the workpiece is reduced, thus, the cutting force is reduced.
The test results of Programme 1 and Programme 2 are basically the same, that is, under the condition of the smaller cutting depth, the radial force is larger than the main cutting force, whereas the main cutting force starts to increase the radial force with the increase in the cutting depth. Figure 6 . n = 500 r/min, the change curve of each cutting force under different cutting depths: (a) the axial force F x ; (b) the radial force F y ; and (c) the main cutting force F z .
Based on Programme 1, the test is repeatedly carried to study the influence that the varied spindle speed (the cutting speed) has an impact on each cutting force under the fixed feed and the invariable cutting depth. The spindle speed is set to n = 220 r/min, n = 355 r/min, and the cutting depth is set a p = 0.3 mm~0.5mm. Figure 5 is the curve of each cutting force in the range of the spindle speed n = 220 r/min~500 r/min, when the cutting depth is a p = 0.3 mm. It can be seen from Figure 7 that the axial force F x and the radial force F y are both increasing, firstly, and then reducing, yet the main cutting force F z tends to dwindle. The spindle speed has a greater influence on the axial force and radial force than the main cutting force.
When the cutting depth is a p = 0.4 mm, 0.5 mm, and the spindle speed is n = 220 r/min~500 r/min, all of the results present that the cutting force decreases. This is because the increase of the spindle speed directly affects the increase of the cutting speed, which leads to the increase of the cutting temperature. At a higher temperature, the metal softening effect will occur on the surface material of the GCr15workpiece, in which the hardness of the workpiece in the high-temperature area is reduced, and the yield strength of the material decreases. The high temperature can decrease the coefficient of friction and the deformation of the workpiece. When the coefficient decreases, the shear angle is larger, and the plastic deformation degree of the workpiece is reduced, thus, the cutting force is reduced.
The test results of Programme 1 and Programme 2 are basically the same, that is, under the condition of the smaller cutting depth, the radial force is larger than the main cutting force, whereas the main cutting force starts to increase the radial force with the increase in the cutting depth. 
Conclusions
In the process of machining, cutting is an extremely complex process, which has both shear effect and mutual extrusion friction. These factors have a very important impact on the cutting force. The following conclusions are drawn from the above analysis on PCBN tools dry cutting hardened GCr15bearing steel.
(1) Under smaller cutting depths, the radial force generated in the cutting process is greater than that of the main cutting force and the axial force. With the increase of the cutting depth, the main cutting force increases, while the radial force decreases, which causes the main cutting force to be greater than the radial force. This is because the cutting depth is smaller, and the radial contact length of the tool and the workpiece is smaller. Serious extrusion and the increase of radial force causes the radial force to be greater than the main cutting force. However, with the increase of the cutting depth, the shear strength is strengthened, and the main cutting force is greater than the radial force.
(2) The effective degree of the cutting depth on the axial force, the radial force, and the main cutting force are different. The result of increasing the cutting depth triggers the radial force to decrease, the main cutting force tends to increase, and the axial force increases firstly, and then decreases.
(3) When the cutting depth is constant, the increase of the spindle speed causes the axial force and the radial force to increase firstly, and then decrease, while the main cutting force decreases. The above results indicate that increasing spindle speed (the cutting speed) is conducive to reducing the cutting force, lengthening tool life, improving machining quality, and reducing machining cost.
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